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1 |ntroduction

—)
—

We can use duality (S-duality, M-theory lift, holography etc.)
in string theory to study QFT

Analysis in QFT can be applied to understand non-perturbative
phenomenon in string theory & This talk



Today, we consider 2 dim QED to study
non-perturbative brane dynamics

2 dim
system l QED

2 dim QED

* massless case is exactly solvable  [Schwinger 1962, ...]
e 3 various techniques to analyze
* non-trivial and interesting strongly coupled QFT

» It will be interesting to apply it to string theory
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» 2 dim QED with 8 Dirac fermions of charge 2

( coupled with 8 scalar fields)

This motivated us to consider

2 dim QED with Ny fermions of charge k

The k dependence turns out to be very important!




Consider charge k fermions x Nf

* k dependence cannot be eliminated by the rescaling k Au - Au

1
because of the flux quantization condition E/F cZ

* k dependence appears in the global symmetry

> LkNf axial sym: 4 — ey Y= (Z[;L)

anomaly =

> Lk 1-form sym :

(Here, the x* direction is compactified to s! of radius R )

It acts on the Wilson loop op. as



Main Results

* New resultsin 2 dim QED ¢f [Anber-Poppitz 2018]

2 dim QED with Nf massless fermions of charge k

(det(zp_H v )Y £ 0 (although (v} W) =0 (for Ny > 1))
= Spontaneous Sym Breaking Zikns - Zny

= d k degenerate vacua
* Non-perturbative calculations in string theory

Tq :=tension of (Q,-1)-string (= bound state of Q F1 and 1 D1)
When (Q,-1)-string is placed near O1 -plane with distance Y,

/9 /— 17/9Y16/9 (Y2<<QSO£,)

C 18 16/9 1 (Q = even)
Q= 5 "\ cosl®/9(x/8) (Q = odd)

T = const. — C gs
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2 Symmetry of 2 dim QED

(classical) global symmetry
SU(Nf)_ X SU(Nf)_|_ X U(l)A/ZQ

G icql =
classical (ZNf)— y (ZNf)—I—
> Yt — gt g+ € SU(Nyp)+ v'= (be)
5 Y — ez:l:awi_ el ¢ U(1)4 (e = 41 is a part of U(1)sause)

( 9+ = w1, el = w£/2w11/2 with (wi)Nf =1 isa part of U(1)sause)
U(1)a anomaly : el ¢ U(1) 4
1
%]F cl =

=) U(1)a/Z2 is broken to ZkNy 8



1-form symmetry

is invariant under

Zk 1-form sym :

(Here, the x* direction is compactified to s of radius R )

( is a large gauge transformation )

It acts on the Wilson loop op. as

Mixed 't Hooft anomaly [Anber-Poppitz 201

This Zk 1-form sym is a global symmetry, but if we gauge it,
the ZknNr axial symmetry is broken to Zns .

gauging Zk 1-form sym < introducing flux with (see next)

> is invariant when



gauging Zk 1-form sym < introducing flux with

cf) gauging Zk O-form symmetry

O-form gauge field: scalar field ¥ with gauge sym ¢ — ¢ + 27
(phase of an ordinary scalar field: ® = |®|e'¥ )

U(1) O-form global sym: ¢ — ¢ +n with dn =0

gauging: (1) promote n to be a 0-form gauge field

(2) introduce a 1-form gauge field A with A — A 4 dn
and replace dy with dp — A

breaking to Zk : introduce another 0-form gauge field 90'
with and impose

1
= Zfdso €Z isreplaced with
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gauging Zk 1-form sym < introducing flux with

gauging Zk 1-form SymmEtry [Gaiotto-Kapustin-Komargodski-Seiberg 2017]

U(1) 1-form global sym: A — A+ nq; with dn;1 =0

gauging: (1) promote nito be a 1-form gauge field
(2) introduce a 2-form gauge field B with B — B + dn1
and replace dA with dA — B

breaking to Zk : introduce another 1-form gauge field A’
with and impose

1
= ;/dA €Z jsreplaced with

11



3 Bosonized description

Bosonization

non-Abelian bosonization [Witten 1984]
= (i, )T >  u=(u')) € U(Ny)
Nf Dirac fermions U(Ny) valued scalar field
7}

L 1 _1
who ~eu, @loo v muduTt L ghy ~ SmuTtogu

u=-¢e"%g (% 9) €U(1) x SU(Ny)
») 2m
|ldentification ¢ — ¢ — -l , g—elg
Ny
Action for the bosonized description level 1 WZW action

/

12



. T 2 N
Identification o — , — Fj . g—¢Tg . gauged ZNf sym

. Zka axial sym

.+ Lk 1-form sym

Canonical momenta conjugateto A1, (Ag = 0 gauge)

Ma = oAy + Ny = o
A—2€2 0411 27_(_907 90—471_ 0¥



Mixed ‘t Hooft anomaly cf [Anber-Poppitz 201

if Zk is gauged, ZkNf is no longer well-defined

3 mixed 't Hooft anomaly
(reproducing the previous discussion)

The vacuum cannot be trivial

The vacuum states have to be consistent
with the above algebra »



Vacuum structure

Nf=1 case <a@b> = 0 [Anber-Poppitz 2018]

the axial Zk is spontaneously broken
3 k degenerate vacua

cf N =1 SU(N) SYM in 4dim
anomaly SSB
Ul)p — Zony — 71> 3 N vacua
(AN #=0
Nf>1 case (EZ@N) =0 massive scalar
_ bosonize /

But, (det(yl w))) ~ (detu) = (¢IN7¥) 3 0

the axial Zka is spontaneously broken to ZNs
3 k degenerate vacua
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Explicit construction of the k vacua

Pick a vacuum, which is an eigenstate of

U)6) = ef/%|9)
comments
- U commutes with the gauge inv. local operators Fu, », dup, - -

Superselection sectors are characterized by the eigenvalue of U

* 0 is the § parameter and |6 > is the & vacuum

The other vacua can be obtained by acting

(V"[6) = |0 + 27n))

k dim representation of the algebra
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Mass deformation

Consider adding a fermion mass term ~ Mg

ZikNf sym is explicitly broken = The degeneracy of the k vacua is lifted

[Smilga 1992,
For Mo < e ’ 2 2Ny Hetrick-Hosotani-Iso 1995,
— N,FT N&1 N .
E(6) oc Mg {0 ] ijj 10) = f(0) mhf M, f Rodriguez-Hosotani 1996]

& energy density of |6 > \

m identified
<€ >
£ (0) /

() =gz for—mr<a<m

<—— Dots:

energy of the k states and (z + 2m) = ()

) (vacuum for Mo=0 and ¢ = 0)
vacuum

f(6) for Nf=4, k=5 .



Q-string tension

C electric flux —Q 1
—_{) > U

“Q-string”
- [ dt Ag

Sint = Q/thO

— Q/F & A9=271Q
L

rt=— rl=—

==) Q-string tension (= energy density of Q-flux) (for 6=0) _
2 f

Nf—l—l Nf—l—l

/
oc(Q) = £27Q) - &(0) x (f(2rQ) — f(0))m,” M,
7O ferQ)

Q2 Q=3 screening by charge k fermions
Q=-1 1 c(Q) -0 as Mg —0
0 Q-string state becomes Q™" vacuum
vacuum Q=5

(Nf=4, k=5) N\ Jiiantified 18



4 Application to String Theory

D-brane & orientifold plane

Dp-brane: (p+1) dim plane on which open strings can end
N{ m) (p+1)dim U(N) gauge theory

Op-plane:

+1~9 +1~9
(p+1) dim fixed plane of Z, { z” — —aP

and flip orientation of strings

O~p

X
string A/I/Op-plane
Op~+n Dp wwp SO(2n) gauge theory \ 4

Op™+n Dp wmp USp(2n) gauge theory j

~ ~
pH1~9

Z>
=,

Two basic types: Op~ & Op*




Op ™~ -Dp system

Op
n Dp
=
N
Z;

¥

(p+1) dim maximally SUSY
SO(2n) gauge theory

AI«L: CDI

gauge scalar

\Ifi

fermion

of SO(2n)

of SO(2n)

[SS 1999]

Op-
Rotate 180° P =

=)

¥

(p+1) dim non-SUSY
SO(2n) gauge theory

A, @1 H ofso@n)

gauge scalar

g [T of SO(2n)

fermion



01- D1 system

_ — D1xn
O1 -plane + D1-brane xn Ol_\/
gauge Lorentz =0
SO(2n) SO(1,1) SO(8) 0.1
gauge Ay, adj H 2 1 f ’
scalar Pj adj H 1 Bv
fermion {WZ—I— symm 1y 8+ > 2~9
\VAS sym m 1_ 8_
«—>
22
n =1 case
gauge Lorentz
U(1l) charge SO(1,1) S0O(8)
gauge ay 0 2 1
scalar @1 0 1 Buv
(Y 2 14 8+
fermion {wl_l_ > 1. g (+ neutral fermions)

m) 2 dim QED with k=2, Nf=8 coupled with 8 scalar fields

21



Interpretation

ZFull = /D¢€ifd2$%(a“¢f)QZQED[¢I] ,
ZQeplér]l = / DaDyD ¢*Saeplant']+iSvurawalér ¥l g
. We focus on this QED part.
7| o distance between O1~ and D1 = Y (X)
o fermion mass My 4mm Syykawa ~ OV

Q-string = (Q,-1)-string = bound state of DlandF1xQ

Q electric flux F-strings x Q
— = #_
D1 D1
F1x 2 can be screened
<

= - & .




Prediction

TQ = tension of (Q,-1)-string (= bound state of Q F1 and 1 D1)

When (Q,-1)-string is placed near O1 -plane with distance Y,

Top = const.4+&(2nQ)  (valid when Y2 < gsa)

1/9_/—17/9,16/9 01 D1

const. — Cg gs
18 16/9 1 (Q = even)
( Co=_3 (E) % { cosl®/9(x/8) (Q = odd) (z)

In particular, T3y =1p when Y =20

cf Behavior at large Y

_ 1 J s 1
TQ_QW(]{Q+3
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5 Conclusion

Summary

We found SSB ZkNf > ZNf and k vacua
in 2 dim QED with Nf fermions of charge k

Non-perturbative calculations in 01~-D1 system

Discussion

How about 2 dim QCD? 3 dim QED? 4 dim QED?
. HE(Y)
Curious relation: (Zbﬂ,bz) = 7o 9y
chiral condensate force between O1” and D1
VEV in QFT Brane dynamics

How general can this be?

How much can we learn from such relations? 5



Thank you !



